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To fully appreciate these issues, some background information is required: An EEG recording from a single scalp channel requires three electrodes attached to the client (see Figure 1) . One electrode is connected to the ground of the hardware system. This connection is made for safety reasons. The signals coming from the site chosen as ground should not, theoretically, have any influence on the voltage calculated as coming from the other site(s) of interest. The two other sites connected to the hardware system are differentially amplified. This means that the amplifier into which electrodes are connected calculates the difference in voltage between these sites (and amplifies that difference to make it large enough for and compatible with the computer system doing further processing).
If both sites are active, i.e., picking up brain activity, the recording is said to be bipolar (see Figure 2) . In animal work, it often makes sense to record bipolar EEG because the electrodes can be accurately placed across neural tissue layers so as to maximize the localized EEG potential of interest. A classic example here is to record from the surface to the depths of a cortical gyrus--one electrode on the cortical surface, the other, one or two millimeters FIGURE 1. The differential amplifier for this one channel subtracts the voltage at one active input from the other to yield AC1-AC2. AC1 and AC2 are connected to two scalp sites in a bipolar recording (see Figure 2) . In a monopolar recording (see Figure 2 ), AC1 is connected to an active site of interest and AC2 is connected to theoretically ''quiet'' (near or at zero) reference, such as the nose in Figure 2 .
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One EEG Channel AC1, AC2: 2 Active Inputs below. Obviously, this is not routinely done in humans, and most recordings are taken from the scalp. It is appreciated that some EEG biofeedback protocols are bipolar and may be effective. However, bipolar recordings from the human scalp, i.e., from 2 active scalp sites, allow no clear cut interpretations of where the action of interest is localized in brain. It may be at one active site or the other or both or in-between. This is illustrated by Table 1 which shows a hypothetical bipolar recording between Cz and Oz during a pre-treatment FIGURE 2. Bipolar (left) vs. monopolar (right) recording. The difference between these configurations is that in the former, AC2 (see Figure 1 ) is connected to an active scalp site (F4), where as in the monopolar (referential) recording, AC2 is connected to the theoretically quiet nose. In both situations one earlobe (A1) is used to connect the subject to system ground. condition and following an EEG biofeedback treatment (or whatever manipulation) designed to increase the amplitude of an EEG frequency (e.g., 10
Hz). The table shows that the bipolar amplitude can be doubled in many ways: increased Cz, no change in Oz, decreased Oz, no change in Cz, various increases/decreases at both electrodes. By far, the most typical and preferred EEG referencing montage for topographical interpretive purposes is the monpolar or referential montage 1 (see Figure 2 ). In this configuration, instead of connecting both differential inputs to active sites (as in bipolar recording), one connects one site to a known active site of interest; i.e., a site where there are strong EEG signals (e.g., Pz), and the other site is designated reference and is connected to a head (or other body) site where there is theoretically zero EEG signal. (Some systems allow two sites, e.g., earlobes, to be connected to two separate reference inputs. However, these inputs are usually connected together internally to AC2, in Figure 1 .) Thus, differences occurring over time, after treatment, etc., may be unambiguously attributed to changes at the designated active site since the reference always remains at zero.
The problem is, however, that none of the typical sites used as references by EEG workers are truly quiet, i.e., producing zero voltage. This site set includes earlobes, mastoids, nose, and physically linked ears or mastoids. These sites may contain much lower voltages than scalp sites because they are further from brain, but they are not at zero. As already noted, there is a growing consensus (Dien, 1998; Picton et al. 2000; Junghofer, Elbert, Tucker, & Braun, 1999 ) based on biophysical modeling that the averaged electrode reference is the best (least biased) reference to use for EEG recording. It can be shown mathematically that if the head is modeled by a sphere within which there is a local source 2 of electrical potential conducting to the entire spherical surface, a large, representative sample of surface recordings of the potentials (which are positive and negative) all around the sphere will sum (integrate) to zero, true reference neutrality. A reference of zero is, as noted, ideal.
The average electrode reference requires a minimum of twenty electrodes (Davidson, in press) , and these must be equally spaced about the head (not just the scalp). The more electrodes, the better (Dien, 1998) , and up to one hundred and twenty-eight electrodes have been used. Although the average reference may be the best, it too does not completely satisfy all assumptions of the model since, for one thing, the head is not a perfect sphere, nor can one sample from its undersurface through which the neck structures pass. However, if properly implemented, the average reference will provide the most accurate brain maps which most other referencing montages will distort.
It is clear that many clinical investigators do not have access to 20 + electrode systems; indeed the ''standard'' EEG cap has only the nineteen sites for use with the 10-20 system (Jasper, 1958) . Moreover, it is not likely that standard clinical equipment providers offer software capable of computing the average reference. The major EEG equipment manufacturers, who do NOT attend neurofeedback meetings, but attend the neuroscience meetings, provide software for all manner of re-montaging and QEEG, but they do not provide neurofeedback software. The alternative is to intelligently choose a more conventional reference.
A traditionally favorite reference scheme since circa 1970 is the physically linked ears/mastoids montage. This configuration may be acceptable as a reference for active midline sites (Fz, Cz, Pz, Oz), however for any studies in which one wants to know something about the EEG map across the entire scalp, i.e., involving frontal versus parietal, and hemispheric effects--including asymmetry--the linked ears montage is wholly inappropriate, and capable of yielding grossly distorted results. As Nunez has repeatedly argued (e.g., Nunez, 1991) , ''. . . it is time for the linked ears/mastoids method to die a quiet and well-deserved death.'' Nunez argued persuasively in just two pages why this is so, and we will not attempt to shorten his elegant presentation here. Suffice it to note that Nunez shows that if, when using a linked ears montage, the impedances for the two ears are equal--a virtually impossible condition to achieve--then linked ear voltage is V a , the average of the voltage at each ear (V 1 + V 2 )/2, where V 1 and V 2 are voltages at A 1 and A 2 , respectively. This may suffice for some applications, and not distort EEG maps too much, provided the active sites of interest are not too close to the ears (e.g., P 3 , Pz and P 4 might be acceptable but not P 7 and P 8 ). If however, there is significant impedance asymmetry between ear/mastoid references, which is not improbable, then any resulting brain map effects can become distorted and misleading. Nunez (1991) goes on to point out, however, that it is readily possible to compute V a : It is necessary to record the EEG with A 1 , one earlobe (mastoid) as reference. The other earlobe, A 2 , is recorded as an active site such as Cz. Indeed let us suppose Cz is the true active site used. Thus we record two channels of EEG, Cz referenced to A1 = (Cz A 1 ) and A 2 referenced to A 1 = (A 2 A 1 ). To obtain the V a term, for the Cz site, one subtracts 1/2 (A 2 A 1 ) from (Cz A 1 ). (The two terms in parentheses in the preceding sentence are the raw data recorded.) If one performs the subtraction algebraically, one obtains V a = Cz (A 2 + A 1 )/2, Cz referenced to mathematically (not physically) linked ears. One can do this for all sites, e.g., F 2 , F 3 , F 4 , C 3 , C 4 , P 3 , P z , P 4 , etc. The mathematical off-line linkage avoids most of the pitfalls associated with physical linkage.
I anticipate the following question having arisen in readers' minds during reading the previous paragraph: ''If we already have (Cz A 1 ), Cz referenced to one ear, isn't that good enough? Isn't a single ear reference, also a typical reference, OK?'' If Cz or other midline sites are the sites of interest, the answer may well be yes. But if the sites of interest are laterally distributed, e.g., C 5 , C 6 , C 7 , C 8 , etc., the answer is no. That is because scalp site voltage near the unilateral reference site, A 1 , will be attenuated more than sites far contralaterally from A 1 . The resulting voltage map or EEG asymmetry estimates are distorted. Here is where the interests of the EEG worker and common sense come into play: If one is interested only in asymmetry between pairs of homologeous electrodes (e.g., F3 and F4), then one can use either the averaged ears reference, V a , if one has means for its computation, 3 or one could use the nose as a reference site (as is not at all uncommon, e.g., Graae, Tenke, Bruder et al., 1996) . It is equidistant from the homologous site pairs and should be no source of bias within a pair. Obviously, however, if one were interested in frontal vs. parietal effects, the nose reference would attenuate the former voltages more than the latter due to its greater proximity to frontal leads. In this situation, a single earlobe would be better. I would suggest using the left ear for right frontal versus right parietal (or occipital) comparisons, and the right ear for left frontal-parietal comparisons. Mathematically linked ears (V a ) is likely the best reference in this situation, notwithstanding that the average reference, discussed above, is probably the least biased of all in most situations.
All the preceding discussion suggests using one site as reference ''online,'' i.e., during recording, because one can then mathematically ''re-montage'' the data off-line so that all possible referencing schemes are derivable and comparable. It doesn't matter which single site is chosen for on-line referencing. Workers should urge their vendors to provide re-montaging software patches. The compelling aspect of this plan is that if a certain neurofeedback protocol or database specifies, say, A 1 as the single site reference, a clinician can go ahead and use it for neurofeedback or database comparison, but then, as long as one or two (A 2 , nose) other relatively quiet sites are recorded as active sites, the relatively undistorted actual map effects can be obtained by re-montaging off-line (after the recording/treatment session). If the electrode density > 20, even the least biased, average electrode reference may be computed (see Dien, 1998) , as well all other montages. Effects on the actual maps can then be compared across montages, and if most derived unbiased montages yield similar maps, one can state with some confidence where the localization of effects are. The critical point here, is that one can not re-montage if one has used the physically-linked ear montage as reference during recording.
This brings us to the situation where one has used a physically-linked ears (or other inappropriate) reference because the clinically effective protocol called for it, or because one wishes to compare data to a normative database obtained with linked ears. Very simply, there is nothing amiss about such treatment procedures, but one should not make any statements regarding localization of effects. If a database (based on a poor reference) allows valid discrimination among client types, then one may safely use it, but only for diagnostic purposes, not as a model of where in brain pathology is localized. Indeed, the database author himself should refrain from interpreting inappropriately referenced map effects. Similarly, the protocol developer who has used a reference inappropriate for interpreting localization effects should refrain from commenting on mechanism. This caveat applies to no one as strongly as it applies to the present author.
Rosenfeld and colleagues (Rosenfeld, 2000) have developed a neurofeedback protocol for treatment of affective disorders which uses sites F 4 and F 3 , both ''referenced'' to Cz. We use this configuration because it is the one which Davidson (1995) used in his early demonstrations of the relationship of frontal activation asymmetry and emotion. We train people to increase the (F 4 Cz) alpha output and decrease the (F 3 Cz) output. (The rationale is in Rosenfeld, 2000.) We have found the protocol to be clinically effective, so it is reasonable to keep using it, but we really can have no idea how, where, or why it works from our bipolar, Cz-referenced data. There are at least two reasons why this is so.
(1) Cz is a particularly terrible reference for topographical interpretation because it is electrically active. The formula typically used to calculate the frontal alpha asymmetry score is one of these two:
where F 4 and F 3 are alpha power or magnitude at right and left frontal scalp sites according to the 10-20 system (Jasper, 1958) . (Although A A and A B are not mathematically equivalent, they are highly correlated, as we have reported empirically in Rosenfeld, 2000 , and as we will model below.) Looking at these formulae suggests that the reference electrode is irrelevant to the calculations of A A and A B , but it must be recalled that any EEG channel recording is the difference between the active site of interest (F 4 or F 3 ) and the reference electrode, which we will notate as R. Thus the above formulae are in fact:
Now if R is a truly quiet reference (= 0 signal), then formulae (1A) and (1B) reduce to (1) and (2). But if R is an active source of voltage as is the case when Cz is R, then formula 1A becomes:
Inspection of this formula makes it clear that from one time to another, F 3 and F 4 can stay constant, while changes at Cz alone can change the asymmetry score. This is illustrated in Table 2 , where F 4 and F 3 were held constant at 40 and 50 V, respectively, and Cz was systematically varied from 50 to + 35 V in 5 V steps. Also shown in Table 2 is log (F 4 Cz) log (F 3 Cz) as Cz varies; the A B score. It is evident that asymmetry scores (both A A and A B ) can change entirely due to changes at the Cz reference, and that if a quiet reference (approaching zero) were used, there would be no changes in real asymmetry, as are the actual cases modeled in Table 2 . (By the way, the correlation of A A and A B in Table 2 is .9992 for the 19 cases shown.) , and Cz. The reader skilled in spread sheet algebra can amuse him/herself exploring the various changes in asymmetry of comparable amounts, which cannot be logically attributed to changes in activity at any subset or set of these sites.
(2) It is also possible that alpha at F 4 and F 3 could be of exactly the same amplitude, but out of phase, and with the phase relationship continually changing such that one frontal site will lead the other most of the time. This phase asymmetry (and consequently compromised coherence) could appear as (false) amplitude asymmetry.
Thus our asymmetry paradigm is deeply flawed in terms of our ability to understand where and what kind of changes are occurring in which cortical areas, yet it can be effectively used clinically. The only reason we keep suggesting that amplitude asymmetry mechanisms at F 3 and F 4 underlie our effects is because Davidson and others continue to find the asymmetry-emotion correlations with various reference montages, including the average electrode montage.
There is yet another reason, not relating directly to reference choice, why inferences about localization of cortical changes can not be legitimately made on the basis of scalp recordings: The human brain has gyri (''hills'') and sulci (valleys) in the cortical layers. Figure 3 , showing one neuron with an electrical field oriented from the top down has its field perpendicular to the scalp and cortical surfaces. It is shown as if it is in the midpoint of a gyrus. However, as the cortical surface folds down into a sulcus, the same kind of field now becomes parallel to the scalp surface, and it is intuitively obvious that the field will be volume-conducted to the cortical surface in a different manner than as in Figure 2 . The simplified bottom line is that just because a particular EEG effect is largest at, say, Fz, does not allow the conclusion that Positive ions enter dendrite here leaving negativity.
Current flow
Positive charge extruded from cell body here, flowing up to negative charge area.
